In this study, the effect of electrical contact resistance on cell performance and local transport characteristics of proton exchange membrane fuel cells (PEMFCs) are numerically investigated by using a two-dimensional, non-isothermal and two-phase flow fuel cell model. The conservation equations of species, temperature, charge, liquid water and dissolved water were solved to investigate the transport processes of heat and mass transfer, electron and proton transports, liquid water formation and transport, and water transport through the membrane. The mathematical model was validated against the experimental data reported in the open literature. Results showed that the performance is significantly affected by the electrical contact resistance, especially at low cell voltages. In addition, the temperature, liquid water saturation and solid phase potential distribution profiles are greatly influenced by the existence of electrical contact resistance.
INTRODUCTION
Fuel cells are energy conversion devices where the chemical energy of a fuel is directly converted to electrical and thermal energy [1] [2] [3] [4] . Proton exchange membrane fuel cells (PEMFCs) can be used as alternative power sources for different applications [5] [6] [7] . PEMFCs consist of several components: the current collectors, the gas diffusion layers (GDLs), the catalyst layers (CLs) and the membrane. The hydrogen oxidation reaction (HOR) and oxygen reduction reaction (ORR) take place simultaneously in the CLs to produce electricity.
The cell performance and lifetime of PEMFCs can be significantly affected by temperature. The effect of thermal boundary condition (constant temperature and insulated boundary conditions) on temperature distributions within PEMFCs were investigated by Shimpalee and Dutta [8] . It was found that the overall performance and local transport phenomena of PEMFCs were significantly affected by the thermal boundary conditions applied. A two-phase and non-isothermal model was developed to examine the liquid water distribution and flooding issues [9] . The temperature distributions inside fuel cells are also influenced by the design of cooling plates [10] [11] . The cell performance of PEMFCs is also affected by the electron transport. A three-dimensional, single-phase, isothermal numerical model was adopted to study the effect of electron transport through the GDL. Results showed that the magnitude and distribution of current density were significantly affected by the electrical conductivity of the GDL [12] . A three-dimensional, single-phase, non-isothermal model was used to study the performance of PEMFCs with electrical contact resistance [13] . And a parametric study was also carried out to investigate the effect of flow channel dimensions on the fuel cell performance.
Experimental measurements have already been carried out to investigate the electrical contact resistance between the current collector and GDL [14] [15] [16] . It was found that the electrical contact resistance is quickly decreased and then reaches a constant value when the assembly force is gradually increased. Although there are many studies related to the performance and transport characteristics within PEMFCs, a comprehensive study taking into account the electrical contact resistance is still very few. The performance of PEMFCs with electrical contact resistance has already been studied in ref. [13] , but the effect of liquid water was not considered. In this study, a two-dimensional, nonisothermal and two-phase flow model was employed to investigate the cell performance and local transport phenomena of PEMFCs with/without the electrical contact resistance. In this study, a two-dimensional mathematical model including the electrical contact resistance was developed for the PEMFCs. As shown in fig. 1 , the computational domain consists of several layers, i.e., the GDLs, CLs and the membrane between the anode and cathode electrodes. Line-1 is located in the middle of current collector regions, and Line-2 is placed in the gas flow channel regions.
MODEL DESCRIPTION

Physical model and assumptions
The geometric parameters and the operating conditions are presented in Table 1 . In the fuel cell mathematical model, ideal gas law is applied for the reactant gases; the CLs are homogeneous and isotropic; the reactant gases cannot diffuse across the membrane; the generated water in the cathode CL is in dissolved phase [7, 17] .
Governing equations
Species conservation equation:
where Yi is the mass fraction and Deff,i is effective diffusivity for the i th species. Si is the source term.
Energy conservation equation:
where cp is the specific heat and keff is the effective thermal conductivity. The irreversible, reversible and ohmic heat generation are included in the source term.
Charge conservation equation:
where σeff,s and σeff,m are the effective electrical conductivity and protonic conductivity, respectively. ϕs is the electrical potential, and ϕm is the protonic potential. The Butler-Volmer equation and spherical agglomerate model are employed to describe the HOR and ORR in the CLs, respectively.
Liquid water transport equation:
where Krl is the relative permeability of liquid phase and Krg is the relative permeability of gas phase. Ds is the capillary diffusion coefficient. Sl is the source term.
Dissolved water transport equation:
where nd and Dλ are the electro-osmotic drag coefficient and water diffusivity in the membrane, respectively. Sd is the corresponding source term.
The corresponding expressions, parameters and source terms mentioned above are summarized in Tables 2-4 . More detailed information can be found in [17] .
Numerical implementation and boundary conditions
The fuel cell model is implemented using the commercial software ANSYS FLUENT. The user defined functions (UDFs) are used to define the transport equations, source terms and the parameters in the mathematical model. At the gas flow channel and GDL interface, the species mass fractions are prescribed. In addition, the liquid water saturation is assigned as zero. The operating temperature and a constant electric potential, ϕs=0, are specified at the anode current collector and GDL interface. At the cathode terminal, the operating temperature and a constant electric potential, ϕs=Vcell, are applied at the cathode current collector and GDL interface. And the detailed boundary conditions are found in ref. [18] . The electrical contact resistance is applied at the anode/cathode current collector and GDL interface, the detailed information of the implementation of contact resistances can be found in ref. [19] . In this study, the operating temperature is 353 K, and the operating pressure is 1.0 atm. It is assumed that hydrogen and air are fully humidified. And then the corresponding mass fraction is calculated. Table 3 . Complementary equations and definitions [14] .
Description Units
Effective mass diffusivity , = (1 − ) 1. As shown in Fig. 2 , the polarization curve obtained by experimental measurements was compared with that predicted by the mathematical model. It can be seen that the numerical results show a good agreement with the experimental data reported by Yan et al. [20] . The experimental operating temperature is 353 K, and the operating pressure is 1.0 atm. Air and hydrogen were fully humidified and fed into the cathode and anode gas flow channels, respectively. The electrical contact resistance (ECR) is quickly decreased and then reaches a constant value when the assembly force is gradually increased. In this study, the ECR of 9 mΩ cm 2 is applied [16] . The cell performance of PEMFCs with/without ECR is presented and compared, as shown in Fig.3 . It is clearly seen that the cell performance predicted by the mathematical model with ECR is lower than that predicted by the mathematical model without ECR, especially at low cell voltages. At the cell voltage 0.6 V, the current densities of two cases are 0.656 A/cm 2 and 0.619 A/cm 2 , respectively. And the corresponding power densities are 0.394 W/cm 2 and 0.372W/cm 2 , respectively. Similar work was also carried out by Akbari et al [13] . However, the effect of liquid was not included in the mathematical model. In this study, a two-dimensional, non-isothermal and two-phase flow model was applied to investigate the effect of ECR on the cell performance and local transport phenomena of PEMFCs. In the following section, the temperature, liquid water saturation and solid phase potential of PEMFCs at the operating cell voltage 0.6 V are illustrated. Fig.4 shows the temperature distributions of two cases. It can be seen that the maximum temperature appears at the middle region of cathode CL, and minimum temperature appears at the regions close to the current collectors. And the maximum temperature is also decreased when the effect of ECR is included in the mathematical model.
The liquid water saturation at the GDL and CL interface of two cases are shown in Fig.5 . It is clear that liquid water saturation at the regions under current collectors is greater than that at the region under the flow channel. This is mainly attributed to the temperature distributions. It can be seen that the liquid water saturation is only slightly affected at the regions under current collectors. The liquid water saturation level of the case without ECR is greater than that of the case with ECR. Electrons generated at the anode CL are transferred to the cathode side through the electric load attached and then consumed at the cathode CL. The electron transport process is described by the Eq.3. The solid phase potential distributions at the anode and cathode GDLs are shown in Figs.6-7. It can be clearly seen that the solid phase potential increase from the bottom to the top at both the anode side and cathode side. Similar solid phase potential distributions were obtained by Meng and Wang [12] . In that study, the effect of electron transport through the GDL was systematically investigated. The solid phase potential profiles of Line-1 and Line-2 for two cases are plotted in Figs. [8] [9] . As shown in Fig.10 , the solid phase potential of Line-1 is increased from -0.0013 V to 0 V, and that of Line-1 in increased from -0.0064V to -0.0056 V. As shown in Fig.11 , the solid phase potential of Line-1 is increased from 0.6 V to 0.601 V, and that of Line-1 in increased from 0.605V to 0.605 V. This is attributed to the increased electrical transfer resistance between the GDLs and current collectors. 
CONCLUSIONS
In this study, a two-dimensional, non-isothermal and two-phase flow model was applied to investigate the effect of electrical contact resistance on cell performance and transport characteristics of PEMFCs. The cell performance is significantly decreased when the contact resistance between the current collector and gas diffusion layer is applied in the mathematical model, especially at low cell voltages. The maximum temperature is decreased and the liquid water saturation is also slightly decreased when the electrical contact resistance is taken into account. The solid phase potential magnitude is also significantly affected by electrical contact resistance. It is strongly recommended that the effect of electrical contact resistance must be included in the mathematical model simulations.
